The liquid-liquid equilibrium (LLE) for the system water-dodecane-butanol was estimated using the UNIQUAC model. In the UNIQUAC model interaction parameters were estimated from the vapor-liquid equilibrium (VLE) and LLE data of their constituent binary pairs. The water-dodecane-butanol LLE was experimentally measured at 298.15 K. Phase stability constraints were taken into account while calculating the binary interaction parameters from the mutual solubility data. The COSMO-RS method was used to estimate the activity coefficient in the miscible binary pair. The ternary LLE composition was predicted using the experimental VLE data as well as using the COSMO-RS calculated activity coefficient data along with the experimental mutual solubility data. In the latter case the root mean square deviation (RMSD) for the distribution of butanol between aqueous and organic phase is 0.24%. The corresponding UNIFAC model prediction is 7.63%.
Introduction
Extraction of uranium and plutonium from the spent nuclear fuel using PUREX method employs tributyl phosphate (TBP) as the extractant and dodecane as the diluent. During solvent extraction TBP and dodecane undergo hydrolytic and radiolytic degradation and form dibutyl phosphate, monobutyl phosphate, butanol, and several other organic compounds [1] . In order to understand the distribution of these compounds in the PUREX process stream their liquid-liquid equilibrium (LLE) behavior between the aqueous and organic phase must be known. The accurate prediction of LLE using the limited amount of experimental data was investigated by several researchers [2] [3] [4] [5] [6] . Anderson and Prausnitz [2] described the application of UNIQUAC model for the prediction of LLE. The type II ternary systems which have two partially miscible binaries can be predicted using the binary parameter quite accurately. Magnussen et al. [3] reported separate parameter table for the prediction of LLE using UNIFAC group contribution model. Recently COSMO-RS model reported by Klamt and Eckert [6, 7] for the prediction of fluid phase thermodynamic properties is gaining importance to predict LLE. Several authors used COSMO-RS method to predict LLE of system containing water, hydrocarbon, alcohols, and ionic liquids [8] [9] [10] .
The various excess Gibbs energy model such as NRTL, UNIQUAC, and UNIFAC can be used to predict the multicomponent LLE. These models contain the interaction parameters which are usually estimated from the binary experimental data. The miscible binary pair interaction parameters were estimated from VLE data. Similarly for partially miscible pair mutual solubility data were used to estimate the interaction parameter. Islam et al. [11] proposed universal set of parameters for predicting both VLE and LLE. The hexane-butanol-water ternary LLE was predicted using this universal set of parameters. The UNIQUAC surface area parameter was expressed as the linear function of concentration to improve the prediction of ternary LLE [12] . According to Anderson and Prausnitz [2] reasonable binary VLE data is sufficient to predict the type II ternary LLE using UNIQUAC model. In this work miscible pair activity coefficient data estimated using COSMO-RS method was used to predict the ternary LLE along with the experimental mutual solubility data. Thus by reducing the experimental data required in the prediction of LLE. The COSMO-RS generated activity coefficient data was used to estimate the UNIQUAC interaction parameter for completely miscible pair.
The water-dodecane-butanol ternary LLE system was predicted using available binary experimental data (case A) and the COSMO-RS estimated activity coefficient data instead of experimental VLE data (case B). In both cases available experimental mutual solubility data were used to estimate the UNIQUAC interaction parameter for partially miscible pair. Special attention was paid to estimate the UNIQUAC interaction parameter from the mutual solubility data. UNIQUAC interaction parameters were estimated from the mutual solubility data based on the method proposed by Mitsos et al. [13] . In their work the phase stability constraint was satisfied along with the equality of activity in both phases. The UNIFAC group contribution method was also used to estimate the ternary LLE. The UNIFAC LLE parameter table given by Magnussen et al. [3] was used. The experimental and predicted results using UNIQUAC (case A and case B) and UNIFAC were compared.
Experimental Methods
Butanol and dodecane with a purity of 99% supplied by Loba Chemie and Sigma Aldrich, respectively, were used as received. The pure component density ( ) and refractive index (nD) were measured at 298.15 K and given in Table 1 . ASTM Grade-I water as per ASTM D-1193-99 (1999) with a resistivity of 18.2 M Ω⋅cm at 298.15 K and TOC < 15 ppb from a MILLIPORE Simplicity system was used in the experiments.
The known amounts of dodecane, butanol, and water were weighed in the precision SHIMADZU AUW 220 d balance (220 g/82 g, 0.1/0.01 mg resolution) and taken into 100 mL flask and stirred by magnetic stirrer for 3 hrs and then allowed to settle for 12 hrs. After settling the samples were collected from both phases and centrifuged. The butanol concentrations present in the aqueous and organic samples were analyzed by refractometry and gas chromatography (GC), respectively. The density and refractive index were measured with Anton Paar DMA-5000 densitometer coupled with RXA-156 refractometer. The organic water concentration was determined by densimetry. The organic phase density was expressed as a function of water composition. The low concentration of butanol in the organic phase was analyzed by gas chromatography. In the cases of larger concentration of butanol, gravimetric method was employed. 
Calculation Method
The UNIQUAC model was used to express the liquid phase activity coefficient. The group contribution model UNIFAC was used to find the ternary LLE composition and compared with the UNIQUAC prediction. The details of these models can be found in Abrams and Prausnitz [14] and Fredenslund et al. [15] . The UNIQUAC binary interaction parameters were estimated from the VLE and mutual solubility data of the constituent binary pairs. The experimental data selection and parameter estimation from the experimental mutual solubility data are discussed in Sections 3.1 and 3.2. The modified Rachford Rice algorithm [16] was used to estimate the ternary LLE phase compositions. The initial estimate of the phase compositions was provided as mole fraction and the corresponding equilibrium compositions were estimated. The liquid phase activity coefficient was estimated from the UNIQUAC and UNIFAC model. All the calculations were done at 298.15 K.
Data Selection.
A thorough literature survey was carried out to collect the VLE data of butanol-dodecane pair and mutual solubility data of dodecane-water and butanol-water. From the selected experimental data UNIQUAC binary interaction parameters were estimated. The selected final data and the estimated UNIQUAC binary interaction parameters are given in Tables 2 and 3 . The experimental and estimated mutual solubility data using UNIFAC and UNIQUAC are shown in Table 4 .
Butanol-Dodecane.
For butanol-dodecane isothermal VLE data and UNIQUAC interaction parameter ( ) reported by Belabbaci et al. [17] is available only at 313.15 K. This UNIQUAC parameter ( ) was used to calculate the binary interaction parameter ( ) at 298.15 K using the relation = exp( / ). The activity coefficient is estimated from the experimental data by using the following equation and the correction for vapor phase nonideality is not taken into account:
3.1.2. Dodecane-Water. The dodecane-water pair has very low solubility of dodecane in water and vice versa. Shaw et al. [18] have compiled the solubility data of dodecane in water and water in dodecane. Franks [19] and Sutton and Calder [20] reported dodecane solubility in water at 298.2 K. The value of 4 × 10 −10 for dodecane solubility in water and a value of 6.1 × 10 −4 for water solubility in dodecane reported by Sutton and Calder [20] and Schatzberg [21] , respectively, were chosen.
Butanol-Water. 1-Butanol-water is partially miscible.
The mutual solubility of butanol-water has been reported in literature [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] . The average value of 0.01896 was chosen among the literature reported solubility data [22] [23] [24] [25] [26] [27] [28] [29] for the butanol solubility in water. The water solubility in butanol at 298.15 K was chosen as 0.51183, which is the average value of the literature reported data [22-24, 26, 30-32] .
Parameter Estimation.
The UNIQUAC interaction parameter for the miscible pair in the ternary liquidliquid system was estimated using the literature reported experimental vapor liquid equilibrium data (case A) and also using the COMSO-RS generated activity coefficient data (case B). In case B, the activity coefficient data estimated using the COSMO-RS model implemented in COSMOtherm [33] software is used to estimate the UNIQUAC interaction parameter. In COSMO-RS estimation of activity coefficient, TZVP basis set cosmo database was used for all the components. Estimation of binary interaction parameter for excess Gibbs free energy model such as UNIQUAC is a challenging task due to the nonlinear nature of the equation. The nonlinear equation to be solved for the binary parameter may have unknown number of solutions or no solution at all [13, 34] . In order to predict the ternary liquid-liquid equilibrium, we need to determine the unique binary parameter for the given binary. So the method proposed by Mitsos et al. [13] was used to estimate the binary UNIQUAC interaction parameter from the mutual solubility data. In this method additional phase stability condition was satisfied along with the equality of activity condition.
Results and Discussion
Experimental and predicted activity coefficient of butanoldodecane using COSMO-RS and UNIFAC model was shown in Figure 1 . The UNIQUAC interaction parameter calculated using mutual solubility data is given in Table 3 . The Gibbs tangent plane diagram using UNIQUAC model for the systems dodecane-water and butanol-water is shown in Figures 2  and 3 , respectively. The measured density and refractive index for the aqueous and organic phase are listed in Table 5 . The experimentally determined composition in the aqueous and organic phase is shown in Table 6 .
According to Figure 1 the UNIFAC estimated activity coefficient for butanol-dodecane is closely matching with the experimental data. In butanol activity coefficient significant deviation was observed between the COSMO-RS estimated and experimental data at concentration below 0.5 mole fraction. At higher concentrations the COSMO-RS predicted activity coefficient matches well with the experimental data. In the estimation of dodecane activity coefficient, COSMO-RS values were closer to the experimental data at infinite dilution and higher concentration region; in other places the estimated values were higher than the experimental data. As UNIFAC group contributions were estimated from experimental data, it resulted in a better prediction of the activity coefficient as compared with a-priory prediction by COSMO-RS. Figure 2 shows that the Gibbs energy of mixing is positive for dodecane-water system for the entire concentration range due to its very low mutual solubility limits. Butanol-water is partially miscible, the solubility of water in the organic phase is higher as compared to the aqueous solubility. So the Gibbs energy of mixing plot shows highly negative region in the butanol rich region as shown in Figure 3 . The butanol-water shows maximum miscibility gap of mole fraction of 0.5. The comparison of model predicted and experimental LLE mole fraction is shown in Figure 4 . In Figure 5 the experimental distribution of butanol in the dilute region is shown along with the model predictions. From Figure 4 , it is clear that all the models overpredict the water-dodecanebutanol equilibrium composition while UNIQUAC (case A and case B) predicted values were closer to the experimental values than the UNIFAC estimation. The value of distribution coefficient of butanol estimated by various models is significantly different. The predicted values of the butanol distribution coefficient were 8.58, 2.05, and 12.80, respectively, 
Conclusion
The water-dodecane-butanol liquid-liquid equilibrium composition is experimentally measured at 298.15 K. This ternary LLE data was predicted from their binary experimental data using UNIQUAC model. The LLE composition is also predicted using the COSMO-RS estimated activity coefficient for the miscible pair (butanol-dodecane) along with experimental mutual solubility data. The UNIQUAC prediction is slightly better than the UNIFAC prediction. All the models overpredict the heterogeneous region at the butanol rich side of the ternary system. The RMSD (%) for the prediction of butanol distribution using COSMO-RS calculated activity coefficient along with the experimental mutual solubility data is 0.24%. The accuracy of the ternary LLE prediction depends on the accuracy of binary VLE prediction.
